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ABSTRACT
Human papillomavirus (HPV) is an etiologic factor in head and neck squamous cell carcinoma (HNSCC).
HPV(+) cancers respond favorably to therapy potentially due to more robust anti-tumor immune
responses. We hypothesized that tumor-derived exosomes (TEX) produced by HPV(+) or HPV(-)
HNSCCs differentially modulate anti-tumor immune responses.

Proteomes of exosomes from HPV(+) and HPV(-) HNSCC cell lines were compared in search for
proteins putatively involved in the communication with immune system. TEX were isolated from
supernatants of HPV(+) (SCC-2, SCC-47, and SCC-90) or HPV(-) (PCI-13 and PCI-30) cells by size exclusion
chromatography. A comparison of proteome profiles was performed by high-resolution mass spectro-
metry. The presence and biological activity of selected immunoregulatory proteins were validated by
flow cytometry and co-incubation assays. Exosomes produced by SCC-90 and PCI-30 cells contained 711
proteins, including 80 proteins specific for HPV(+) exosomes and 77 specific for HPV(-) exosomes,
associated with similar GO terms such as regulation of cell growth, metabolism, communication, and
cellular signaling. Search for proteins localized in the membrane and involved in immune regulation
identified a few proteins detected specifically in HPV(+) or HPV(-) exosomes. Only HPV(+) exosomes were
enriched in immune effector cell-related CD47 and CD276 antigens; only HPV(-) exosomes contained
tumor-protective/growth-promoting antigens, MUC-1 and HLA-DA. Flow cytometry and Western blots
confirmed the reciprocal presence/paucity of these proteins in a whole panel of tumor cells and
corresponding exosomes. The differential content of protein cargos in HPV(+) and HPV(-) exosomes
might contribute to the disparity in immune responses that characterize HPV(+) and HPV(-) HNSCC.
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Introduction

Despite advances in the delivery of surgery and chemo-
radiotherapy, HNSCC patients have a poor prognosis, largely
because of disease recurrence.1 Five-year survival for HNSCC
patients has not improved in 30 years and remains at <50%.2

Established etiologic factors associated with HNSCC include
tobacco or alcohol consumption and human papillomavirus
(HPV) infection.3–5 HPV16 infection is primarily associated
with tumors of the oropharynx and base of the tongue.6,7 The
incidence of this site-specific cancer seen largely in young
patients has been rapidly increasing.8 Clinical, histopatholo-
gical and molecular characteristics of HPV(+) and HPV(-)
HNSCCs are distinct.9 Patients with HPV(+) tumors respond
favorably to initial therapy, but as they age and their tumors
recur, the therapeutic options become limited. New therapies
based on a better understanding of factors that drive viral
oncogenesis are an unmet need for patients with HPV(+) or
HPV(-) HNSCCs. Expression of E6 and E7 viral oncoproteins,
interacting with and inhibiting p53 and Rb proteins,

respectively, is causally linked to malignant transformation
of HPV(+) cancers.10 Deregulation of cellular processes invol-
ving p53 and Rb, which includes apoptosis and the cell cycle
arrest, could be hypothetically associated with differential
response of HPV(+) and HPV(-) cancers to DNA damaging
factors during oncological treatments. However, cells derived
from HPV(+) HNSCC cancers are not more sensitive to
cisplatin, radiation or cetuximab, therapies commonly used
in HNSCC, than cells derived from HPV(-) cancers, suggest-
ing that the favorable prognosis for patients with HPV(+)
cancers is not directly related to an intrinsic sensitivity of
these tumors to chemotherapy and/or radiation.11

An alternative hypothesis advanced as a potential explana-
tion for better prognosis of HPV(+) HNSCCs involves the
host immune system.12–15 In this paradigm, immune cells
activated by the virus are prepared to mediate antitumor
activity but due to tumor-induced immune suppression of
effector cell functions fail to do so efficiently. Indeed, an
increased frequency of immune effector cells specific for
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tumor-associated antigens (TAAs) has been detected in the
circulation of patients with HPV(+) cancers, although these
cells appear to be partially dysfunctional.12 Among various
tumor-derived factors known to contribute to cross-talk
between HNSCC and the immune system, exosomes pro-
duced by the tumor (TEX) have been recently recognized as
a major contributor to immune cell dysfunction.16

Exosomes are the smallest (30–150 nm in diameter) subset
of extracellular vesicles (EVs), which mediate inter-cellular
communication.17 TEX convey information from the tumor
to various cells in the tumor microenvironment (TME) and by
autocrine, juxtacrine or paracrine signaling reprogram cellular
functions, converting them into cancer-promoting cells.18 TEX
molecular profiles partially recapitulate the content of their
parent cells thus serving as potential tumor biomarkers.19

TEX carry a variety of receptors and ligands that are expressed
on the parent tumor cell surface and deliver them to recipient
cells, inducing functional alterations.20 Immunosuppressive
proteins carried by exosomes isolated from plasma of
HNSCC patients, such as PD-L1, correlate with the tumor
stage, nodal involvement, and disease activity.16 Moreover,
exosomes from HPV(+) cancers carry viral proteins and
genes in addition to TAA.21 We reported earlier that TEX
produced by HPV(+) HNSCC cells promoted human dendritic
cell (DC) maturation and enhanced antigen-processing
machinery (APM) expression levels in mature DCs, while
those produced by HPV(-) cells suppressed DC functions.22

These results support the hypothesis that TEX derived from
HPV(+) or HPV(-) HNSCC differentially modulate anti-tumor
immune responses and thereby play a role in disease progres-
sion and outcome. However, molecular underpinnings of
effects that HPV(+) and HPV(-) TEX induce in recipient
immune cells are not understood. In this study, we analyzed
the proteomes of exosomes produced by HPV(+) and HPV(-)
HNSCC cell lines, specifically searching for membrane-
associated proteins that could contribute to differential mod-
ulation of immune recipient cells by these exosomes.

Results

The general characteristics of exosomes isolated from cell
culture supernatants of the HPV(+) or HPV(-) tumor cells
were previously described.22 Briefly, vesicles isolated by size
exclusion chromatography and eluted in PBS had a diameter
ranging from 30 to 150 nm, as determined by TEM and
qNANO, and contained endocytic markers TSG101 and
ALIX as well as tetraspanins, CD63 and CD81, as deter-
mined by Western blots. Moreover, exosomes released by
HPV(+) cells (SCC-2, SCC-47, SCC-90), but not by HPV(-)
cells (PCI-13 or PCI-30), contained E6/E7 viral proteins and
p16 protein.22

Global proteome profiling of exosomes

A shot-gun proteomics approach was used for analysis of exo-
somes produced by two cell lines SCC-90 and PCI-30, represent-
ing HPV(+) and HPV(-) HNSCCs, respectively. This approach
identified 711 proteins encoded by unique genes. Among them,
80 proteins were detected only in HPV(+) exosomes produced

by SCC-90 cells and 77 proteins were detected only in HPV(-)
exosomes produced by PCI-30 cells (Figure 1a). All detected
proteins are listed in the Supplementary File (Table S1).

Functional gene designations for the identified proteins

Analysis of gene ontology was performed to identify func-
tional pathways associated with the detected proteins. The
majority (approximately 2/3) of the detected proteins in exo-
somes from both HPV(+) and HPV(-) cells were cytoplasmic
proteins. They were associated with six major biological func-
tions: (a) regulation of cell growth; (b) cellular metabolism; (c)
protein metabolism; (d) energy pathways; (e) cell communi-
cation and (f) signal transduction (Figure 1b). Among the
proteins detected in both types of exosomes were the integrin
family members involved in cell surface interactions and
proteins mediating proteoglycan-syndecan signaling as well
as the VEGF/VEGFR signaling networks. In general, the
majority of biological pathways and processes were similarly
enriched in proteins detected in HPV(+) (SCC-90) and HPV
(-) (PCI-30) exosomes, as shown in the Supplementary File
(Table S2). Several pathways showed statistically significant
enrichment (p-value with Bonferroni correction <0.05) for
either HPV(+) or HPV(-) exosomes, as shown in Figure 1c.
These functional terms included an adaptive immune system
or cell-extracellular matrix interactions, which were signifi-
cantly overrepresented in HPV(+) exosomes, and metabolism
of RNA or structural components of ribosomes, which were
significantly overrepresented in HPV(-) exosomes. However,
no statistically significant differences were detected between
these selected sets of proteins in their contribution to the
specific pathway.

Based on these results, we concluded that a high level of
structural and functional similarity existed between the pro-
teomes of exosomes that were produced by the two HPV(+)
and HPV(-) cell lines selected for this study as representative
for HNSCC cells.

Analysis of proteins putatively involved in immune
signaling

Having previously determined that exosomes produced by
HPV(+) and HPV(-) HNSCC cell lines reprogramed func-
tions of immune cells, 22 we were motivated to search for
proteins putatively involved in exosome-mediated cross-talk
between the tumor and immune cells. By definition, these
proteins are localized in the surface membranes of exo-
somes and are associated with GO terms “intrinsic compo-
nents of membrane” (0031224) and “immune-related
functions” (0002682). As shown in Figure 2a, there were
253 proteins that met the definition of being either intrinsic
components of the membrane or serving as regulatory ele-
ments in the immune system or both. 172 of these proteins
were shared between HPV(+) and HPV(-) exosomes, and
43 were present only in HPV(+) exosomes, while 38 were
carried only by HPV(-) exosomes. However, only 19 pro-
teins that associated with both GO terms were identified.
These included 4 proteins detected only in exosomes from
HPV(+) cells: CD47, CD276 (B7-H3), CALM1
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(calmodulin), and CXADR (coxsackie and adenovirus
receptor) and 5 proteins identified only in exosomes from
HPV(-) cells: C9, MUC-1, HLA-DRA, MUC-4, MUC-16.
Ten other proteins were shared by HPV(+) and HPV(-)
exosomes. Among the membrane proteins putatively
involved in mediating tumor-immune cell interactions, we
focused on CD276 and CD47 in HPV(+) exosomes and
MUC-1 as well as HLA-DRA in HPV(-) exosomes, based

on the well-documented association of these antigens in
signaling between immune cells and tumor targets.

To further analyze immune-related proteins in exosomes
produced by two HPV(-) (PCI-13 and PCI-30) and 3 HPV(+)
cell lines (SCC-2, SCC-47, SCC-90), a label-free MS/MS-based
protein quantitation was performed. This analysis revealed
a relative abundance of the identified proteins but gave
a weaker coverage of exosome proteomes (only 217 proteins

Figure 1. Proteins detected in exosomes released by HNSCC cell lines. Panel a – The Venn diagram illustrating the distribution of proteins in HPV(+) and HPV(-)
exosomes. Panel b – Major functional FunRich annotations associated with exosome proteins. Panel c – Functional annotations that showed differences in relative
enrichment of proteins in HPV(+) and HPV(-) exosomes; depicted is a relative contribution [%] of proteins associated with a specific pathway in a total set of
identified proteins, calculated fold-enrichment (FE) and statistical significance of the overrepresentation (corrected p-value, asterisks mark statistically significant
overrepresentation).
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were identified). Nevertheless, 11 proteins with immune-
related functions [GO:0002682] and membrane localization
[GO:0031224] were quantified, as shown in Figure 2b. In
agreement with the results presented above, a markedly
higher abundance of HLA-DRA, MUC1, MUC4, and
MUC16 in HPV(-) exosomes than in HPV(+) exosomes was
observed. Moreover, HPV(-) exosomes showed a higher
abundance of DDP4, ICAM1, and ITGA2. The relative abun-
dance of ITGB1, TFRC, ICOSLG, and C9 was similar between
both sub-panels of exosomes. Surprisingly, proteins pre-
viously detected only in SCC90-derived exosomes (Figure
2a) i.e. CD276, CD47, CALM1, and CXADR, were not iden-
tified in this quantitative analysis. It is likely that variably low
abundance of these proteins in exosomes from different cell
lines prevented their recognition in the quantitative MS/MS.

Validation of CD47 and CD276 presence on exosomes

To validate the presence of the proteins identified on exo-
somes by LC-MS/MS on the surface of parent cells, flow
cytometry was performed using antibodies specific for the
identified antigens. All five cells lines [three HPV(+) and
two HPV(-)], as well as exosomes isolated from supernatants
of these cells, were studied. Figure 3a shows that only HPV(+)
tumor cells were positive for CD47, while HPV(-) tumor cells
were negative. As expected based on the LC-MS/MS data,
exosomes produced by HPV(+) cells carried CD47, while

exosomes produced by HPV(-) cell did not. In Figure 3b,
expression of CD276 on HPV(+) tumor cells and on HPV(-)
tumor cells is evident, although the expression levels are
higher on HPV(+) tumor cells than HPV(-) tumor cells.
Likewise, HPV(+) exosomes carry higher levels of CD276
than do HPV(-) exosomes. Thus, in case of CD276, low levels
of this protein were detected on the HPV(-) parent cells and
on HPV(-) exosomes, indicating that Ab-based flow cytome-
try had greater sensitivity relative to LC-MS/MS for detection
of low abundance proteins on cells or exosomes. Nevertheless,
flow cytometry-based analysis confirmed a markedly higher
level of both CD47 and CD276 antigens in exosomes released
by HPV(+) HNSCC cell lines and their paucity, respectively,
in HPV(-) exosomes.

The same flow cytometry-based approach was used for
validation of MUC-1 and HLA-DRA protein levels on the
HPV(-) tumor parent cells and exosomes. As Figure 4
shows, HPV(-) cells and exosomes produced by these cells
contain high levels of both proteins. In contrast, HPV(+) cells
and HPV(+) exosomes do not express/carry these proteins.

Functional analysis of CD47 and MUC-1 carried by HPV(+)
or HPV(-) exosomes

In vitro experiments were performed to show that HPV(+)
exosomes enriched in CD47 were phagocytosed less efficiently
by human activated monocytes than HPV(-) exosomes with

Figure 2. Selected immune-related proteins present in exosomes produced by HPV(+) and HPV(-) tumor cells. Panel a – Number of proteins related to immune
functions [GO:0002682] and membrane localization [GO:0031224] identified in exosomes produced by PCI30 or SCC90 cells. Panel b – Relative abundance of the
selected immune-related proteins in exosomes produced by the 5 different HNSCC cell lines that we have analyzed and quantified by MS/MS (abundances of selected
proteins are sorted regarding deciles of all normalized signals).
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lower CD47 levels in the membrane. To this end, monocytes
isolated from human PBMC were co-incubated with exo-
somes that were released by PCI30 or SSCC90 cells and
labeled with PKH26. Following optimization of the mono-
cyte/exosome ratio and co-incubation time, the efficiency of
phagocytosis of HPV(+) exosomes (SCC90) and of HPV(-)
exosomes (PCI30) by monocytes was compared by flow cyto-
metry. We found that the mean fluorescence intensity (MFI)
ratio for PCI30/SCC90 exosomes (i.e. CD47−/low/CD47+ exo-
somes) was about 1.6 (the Supplementary File Table S3);
Figure 5b shows a representative flow cytometry experiment.

In another series of experiments, “tumor protective” func-
tions of MUC-1+ HPV(-) exosomes was investigated. HPV(-)
exosomes were co-incubated with autologous tumor targets
(PCI30) labeled with the CMRA cell tracker dye for 15 min
prior to the addition of IL2-activated NK cells. In parallel,
MUC-1−/low HPV(+) exosomes were similarly co-incubated
with the labeled autologous tumor targets (SSC90) and then

with IL-2 activated NK cells. The abilities of NK effector cells
to lyse these exosome-pretreated tumor targets were com-
pared. As shown in Figure 5b, MUC-1+ exosomes from
HPV(-) cells (PCI30) were more effective in protecting
tumor cells from lysis by activated NK cells.

Both experiments with tumor cells co-incubated with HPV
(+) CD47+ or HPV(-) MUC-1+ exosomes indicate that these
proteins retain their respective biological activities, as
expected. Thus, CD47+ exosomes were phagocytosed less effi-
ciently by monocytes presumably due to “do-not-eat-me”
signaling by CD47, and MUC-1+ exosomes protected tumor
cells from lysis mediated by activated NK cells.

Discussion

In this study, proteomic profiles of exosomes produced by
HPV(+) and HPV(-) HNSCC cell lines were compared with
a special emphasis on surface membrane-associated proteins

Figure 3. Expression of CD47 (Panel a) and CD276 (Panel b) antigens on the membranes of HPV(+) and HPV(-) tumor cells and exosomes released by these cells
analyzed by flow cytometry. On-bead flow cytometry for exosomes was performed as described in methods. The numbers indicate RFI values.
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potentially mediating the tumor-immune cell cross-talk. TEX
have been shown by us and others to suppress functions of
immune cells, largely due to numerous immunoinhibitory
proteins they deliver to these recipient cells 20,23 While the
global proteomes of HPV(+) and HPV(-) exosomes were
structurally and functionally similar, we identified two small
subsets of membrane-associated proteins that were carried
exclusively by HPV(+) or HPV(-) exosomes and were not
shared. These membrane-associated proteins are of special
interest, because of their potential involvement in interactions
of tumor-derived exosomes with immune recipient cells. The
presence or absence of these proteins in exosomes originating
from HPV(+) or HPV(-) tumor cells is likely to have an
impact on interactions of TEX with immune recipient cells
that result in reprogramming of their functions.

We have previously shown that TEX produced by HPV(+)
and HPV(-) tumor cells and co-incubated with primary human

immune cells reprogrammed functions of recipient cells.22 These
exosomes inhibited activation and proliferation of activated
CD8 + T cells or induced their apoptosis; however, only HPV
(+) exosomes enhanced expression of antigen-processing
machinery (APM) components in dendritic cells (DCs), thus
promoting their immune activity.22 This finding suggested that
HPV(+) and HPV(-) exosomes differentially modulate interac-
tions with DCs. TEX-driven reprogramming of recipient cells is
initiated by exosomes making contact with components of the
surface membrane prior to exosome internalization by the reci-
pient cell.24 The cargo TEX carry and to a certain extent also the
nature of the recipient cell determine themechanism responsible
for exosome internalization by this cell.24 As protein-protein
interactions have been shown to mediate exosome attachment
and uptake into cells, the presence of proteins such as CD47 and
CD267 in the membrane proteome of HPV(+) exosomes and
their absence/paucity in HPV(-) exosomes is highly significant.

Figure 4. Expression of HLA-DRA (Panel a) and MUC-1 (Panel b) antigens on the membranes of HPV(+) and HPV(-) tumor cells and exosomes released by these cells
analyzed by flow cytometry. On-bead flow cytometry for exosomes was performed as described in methods. The numbers indicate RFI values.
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CD47, highly expressed on most tumor cells, is a ligand of an
inhibitory receptor SIRPα (signal regulatory protein alpha).25 It
transduces inhibitory signals via SIRPα on macrophages and/or
other myeloid cells and inhibits phagocytosis.25 CD47 is referred
to as a “do-not-eat-me” molecule, and its role in protecting
tumor as well as hematopoietic cells from removal by the RES
is well established.26 It has been reported that the presence of
CD47 in exosomes limited their clearance by circulating mono-
cytes, and enhanced immune cell uptake and therapeutic efficacy
of exosomes in a mouse model of pancreatic cancer.27 The
presence of CD47 on all three HPV(+) HNSCC cells as well as
HPV(+) exosomes indicates that they are similarly protected

from phagocytosis, allowing for prolonged and potentially
more immunogenic interactions of tumor antigens these exo-
somes carry with immune cells. In contrast, the absence of CD47
on HPV(-) tumor cells and HPV(-) exosomes favors their rapid
phagocytosis. Remarkably, simple in vitro co-incubation of
CD47+ exosomes released by HPV(+) cancer cells showed that
the CD47 protein on exosomes had biological activity and, as
expected, inhibited exosome uptake/phagocytosis by human
monocytes.

CD276 (B7-H3) is a member of the B7 co-stimulatory
family with prominent expression in HNSCC28 and other
tumor types.29 While its function as a T-cell co-stimulatory

Figure 5. Functional importance of CD47 and MUC-1. Panel a – Flow cytometry assessment of human CD14+ monocytes co-incubated with PKH26-labeled
exosomes. Uptake/phagocytosis of CD47+ and CD47−/low exosomes isolated from SSC90 or PCI30 cells, respectively, was measured. Co-incubations were performed
for 15 minutes with the 1 × 105 monocytes/10 µg exosome protein ratio; denoted is the mean fluorescence intensity (MFI). Panel b – NK cell-induced apoptosis of
tumor cells pre-incubated with autologous MUC-1+ and MUC-1−/low exosomes. Target SCC90 and PCI30 cells (HPV(+) and HPV(-), respectively) labeled with the CMRA
cell tracker were co-incubated with exosomes (10 µg protein). Exosome-treated (+EXO) and not treated (No EXO) target cells were then co-incubated with activated
effector NK cells (at 1:5 target:effector ratio) for 2 h and apoptosis of target cells was measured by flow cytometry using the Annexin V and PI staining (with the gate
set on target cells); the percentages of apoptotic target cells are indicated in each quadrant.
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protein has been controversial, and it has been viewed by
some as a co-inhibitory rather than co-stimulatory molecule,-
30 its role in modulating immune responses has been well
documented.31 Strong expression of CD276 on HPV(+)
tumor cells as well as HPV(+) exosomes and its relative
paucity on HPV(-) tumor cells and exosomes argues for the
existence of more effective immune reactivity in the former.
Furthermore, calmodulin detected by MS on HPV(+) exo-
somes regulates calcium binding and thus immune cell
activation.32 Coxsackie/adenovirus receptor (CXADR) is an
adhesion molecule facilitating exosome binding to recipient
cells.33 The presence of these proteins supportive of immune
activities in HPV(+) cells and their exosomes fits well with the
hypothesis of more robust, virus-primed anti-tumor immu-
nity in HPV(+) malignancies.

A repertoire of the protein cluster unique for HPV(-) tumors
and for TEX they produce is also provocative. Identified proteins
play a key role in anti-tumor defense,mostly as negative regulators
of immune responses. The MHC class II molecule, HLA-DRA, is
a ligand for the T-cell receptor, and its signaling promotes Treg
generation.34 Finally, MUC-1, MUC-4, and MUC-16 glycopro-
teins play amajor role in protecting tumor cells from pathogens or
adverse events, including chemotherapy or immune interventions,
and/or promote tumor growth and migration.35,36 Using in vitro
co-incubation of MUC-1+ exosomes we isolated from superna-
tants ofHPV(-) tumor cellswe showed inpreliminary experiments
that these exosomes decreased the sensitivity of tumor cell targets
to activated NK cell-mediated lysis, while the HPV(+) and
MUC-1−/low exosomes did not protect target tumor cells from
lysis. Our data support the conclusion that proteins detected
only in HPV(-) exosomes are engaged in the protection of tumor
cells either from activated immune cells, pathogens or other forms
of injury. As TEX are known to be engaged in autocrine signaling
and functional reprogramming of their own activities, the proteo-
mic findings we report here provide a potential explanation for
greater resistance of HPV(-) HNSCC to therapy and for poor
outcome of this cancer.9,37 Our previous study also showed that
the molecular content of TEX, especially the presence of immu-
noinhibitory proteins, such as PD-L1, correlated with the disease
stage and activity in HNSCC.16 TEX have been implicated in
mediating resistance to chemotherapies by mechanisms that are
not well defined.38 The unique protein content of the TEX cargo,
as indicated by our study, might provide a mechanistic under-
pinning for the resistance of tumors to immune cells or therapies
that is mediated by exosomes.

In conclusion, proteomic analysis of TEX from HPV(+)
and HPV(-) HNSCC cells identified differential enrichment in
membrane-associated TEX proteins that are biologically active
and are able to promote immune interactions [HPV(+) exo-
somes] or protect tumor cells from adverse immune or drug
effects [HPV(-) exosomes].

Materials and methods

Cell lines

Three HPV-positive cell lines (UM-SCC-2, UM-SCC-47,
UPCI-SCC-90, all gifts from Robert L. Ferris, UPCI) and
two HPV-negative cell lines (PCI-13, PCI-30) established,

characterized and maintained in the Whiteside laboratory39

were cultured in 150 cm2 cell culture flasks and 25 ml DMEM
supplemented with 1% (v/v) penicillin and streptomycin and
10% (v/v) exosome-depleted fetal bovine serum (Gibco,
A2720801) at 37°C and an atmosphere of 5% CO2 in air. All
cultures were authenticated just prior to the described experi-
ments. The cell expansion range varied from 40% to 80%
confluency. After 48–72 h of incubation, supernatants were
collected and used for exosome isolation.

Exosome isolation from cell culture supernatants

Culture supernatants were centrifuged at 2,000 x g for 10 min
at room temperature (RT) and at 10,000 x g for 30 min at 4°C
followed by filtration on 0.22 µm syringe-filters (Millipore,
SLGP033RB). Pre-conditioned supernatants were concen-
trated from 50 ml to 1 ml on Vivacell 100 filter units
(Sartorius, VC1042). Aliquots (1 mL) of concentrated super-
natants were loaded on mini-SEC columns,40 and exosomes
were eluted with PBS. Exosomes were collected in the void
volume fraction #4 (1 mL). For some experiments, particu-
larly Western blots, #4 fractions were concentrated using
100,000 MWCO Vivaspin 500 Centrifugal Concentrators
(Sartorius, VS0142) by centrifugation at 2,000 x g for
10–15 min. To determine protein concentration in the
isolated exosome fraction #4, Pierce BCA protein assay kit
(Thermo Scientific, 23227) was used according to the manu-
facturer’s instructions.

Proteomics analysis

Exosome samples were prepared for proteomic analysis according
to a modified FASP41 protocol, as previously reported42 – version
with trypsin digestion only. As a consequence, each sample was
divided into two peptide fractions eluted at pH 5 and 2, respec-
tively, and analyzed individually. The analysis was performedwith
the use of DionexUltiMate 3000 RSLC nanoLC System connected
to Q Exactive Orbitrap mass spectrometer (Thermo Fisher
Scientific).

Peptides from each fraction (0.5 µg) were separated on
a reverse phase Acclaim PepMap RSLC nanoViper C18 col-
umn (75 µm × 25 cm, 2 µm granulation) using acetonitrile
gradient (from 4 to 60%, in 0.1% formic acid) at 30°C and
a flow rate of 300 nL/min (for 230 min). The spectrometer
was operated in data-dependent MS/MS mode with survey
scans acquired at a resolution of 70,000 at m/z 200 in MS
mode, and 17,500 at m/z 200 in MS2 mode. Spectra were
recorded in the scanning range of 300–2000 m/z in the posi-
tive ion mode. Higher energy collisional dissociation (HCD)
ion fragmentation was performed with normalized collision
energies set to 25. Protein identification was performed using
Swiss-Prot human database with a precision tolerance 10 ppm
for peptide masses and 0.08 Da for fragment ion masses.

All raw data obtained for each dataset were imported into
Protein Discoverer v.1.4 (Thermo Fisher Scientific) <Thermo
raw files> for protein identification and quantification.
Fractions derived from each sample (accordingly related to
pH 5 and pH 2) were combined before analysis, then Mascot
and Sequest engines were used for database searches. Protein
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was considered as positively identified if at least two peptides
per protein were found by both search engines, and a peptide
score reached the significance threshold FDR = 0.01 (assessed
by the Percolator algorithm); a protein was further considered
as “present” if detected in at least one sample of a given type.
Abundances of identified proteins were estimated in
Proteome Discoverer using Precursor Ions Area detector
node, which calculates the abundance of a given protein
based on the average intensity of three most intensive distinct
peptides for this protein, with further normalization to the
total ion current.

Functional analysis of proteomic data based on gene
ontology

A list of genes corresponding to identified proteins was anno-
tated at Gene Ontology (GO) using FunRich 3.1.3 software
and FunRich internal database.43

Uptake/phagocytosis of exosomes by monocytes

Peripheral venous blood specimens were obtained from nor-
mal human volunteers who signed the IRB approved consent
form (IRBB #0506140). CD14+monocytes were isolated using
AutoMACS and were evaluated for purity by flow cytometry
(enrichment >90%). Monocytes (1x105) were co-incubated
with different concentrations (2.5, 5, 10 or 20 µg protein) of
PKH26-labeled exosomes for 5, 15 or 30 min to establish the
optimal time and exosome concentration for uptake and
processing by monocytes. Monocytes co-incubated with PBS
were used as controls for all experiments. Optimized condi-
tions (10 µg of labeled exosomes, 15 min uptake) were used to
compare CD47+ HPV(+) exosomes with CD47− HPV(-) exo-
somes using flow cytometry. MIF values were compared to
those seen with PBS-treated monocytes.

Protection of tumor cells from NK cell-mediated lysis by
exosomes

Human NK cells isolated from PBMC by AutoMACS were
cultured in IL-2 supplemented medium as previously
described.44 The adherent target tumor cells (SCC90 and
PCI30) were detached from plastic and were labeled with the
CMRA cell tracker dye (Invitrogen). Tumor cell aliquots (5
x 104 cells) were pre-incubated with autologous exosomes (10,
20 or 30 µg protein) for 15 min. Next, effector aNK cells were
added to obtain the T:E ratios of 1:0, 1:1 1: 5 and 1:10. Target
and effector cells were co-incubated for 2 h at 37°C and then
were stained with Annexin V and PI using reagents from
a commercial kit. Flow cytometry was performed as described
below with the gate set on labeled target cells. Heat-treated
tumor cells were used as a positive control for apoptosis. NK
cell-mediated apoptosis of HPV(+) and HPV(-) tumor cells co-
incubated with autologous exosomes was compared.

Flow cytometry

Cells growing in culture were detached from the flask using
TrypLE solution (Gibco, 12604013) and centrifuged at 400 g for

5 min. Supernatants were discarded, and the resuspended cells
were washed twice with PBS, counted and dispensed into poly-
styrene round-bottom 12 × 75 mm2 tubes 200x103 in 200 µL of
flow cytometry staining buffer/tube (eBioscience, 00-4222-26).
Pre-titered fluorochrome-labeled mAbs (see below for Ab spe-
cificity) were added to each tube, and the cells were stained for
30 min in the dark at RT. Next, cells were washed 2X with PBS
and suspended in a final volume (200 µL) of PBS. Isotype
control Abs were used in all experiments. The data were
acquired using GalliosTM flow cytometer (Beckman Coulter)
and analyzed with Kaluza 1.5 software.

On-bead flow cytometry was used for exosome staining.
First, exosomes were placed on avidin-labeled beads and
biotinylated anti-CD63 Ab was added as previously
described.17 For flow cytometry-based detection of antigens
carried by exosomes coupled to beads, the method described
by Morales-Kastresana45 was modified as previously described
by us.16
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